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1. INTRODUCTION {#jmor21008-sec-0001}
===============

Crustaceans exhibit high species diversity and show a diverse range of sperm morphologies and structures (Tudge, [2009](#jmor21008-bib-0063){ref-type="ref"}). Research on Decapoda has attracted much attention due to the high number of economically relevant species, but less research has focused on Stomatopoda. Several studies investigated stomatopod spermatogenesis (Komai, [1920](#jmor21008-bib-0034){ref-type="ref"}), spermatozoa morphology (Cotelli & Lora Lamia Donin, [1983](#jmor21008-bib-0013){ref-type="ref"}; Jamieson, [1989](#jmor21008-bib-0027){ref-type="ref"}), reproductive organ morphology (Deecaraman & Subramoniam, [1980](#jmor21008-bib-0014){ref-type="ref"}; Wortham‐Neal, [2002](#jmor21008-bib-0067){ref-type="ref"}), reproductive biology (Kim, Kim, Bae, Kim, & Oh, [2017](#jmor21008-bib-0032){ref-type="ref"}; Kodama, Shiraishi, Morita, & Horiguchi, [2009](#jmor21008-bib-0033){ref-type="ref"}), and transcriptome analysis (Yan et al., [2018](#jmor21008-bib-0071){ref-type="ref"}). Komai ([1920](#jmor21008-bib-0034){ref-type="ref"}) performed the first study on spermatogenesis in *Squilla oratoria*, and Cotelli and Lora Lamia Donin ([1983](#jmor21008-bib-0013){ref-type="ref"}) and Jamieson ([1989](#jmor21008-bib-0027){ref-type="ref"}) studied the sperm ultrastructure in *Squilla. mantis* and *Oratosquilla stephensoni*, respectively. Despite recent advances, the consistency and composition of the nucleus are also important characteristics that are completely unknown in Stomatopoda. A thorough understanding of sperm is fundamental to assessing and improving the reproductive performance of male mantis shrimp and can provide insights into the complex mechanisms of gamete fertilization in these animals.

During spermatogenesis, histones are replaced by transition proteins in the elongated spermatids, and then transition proteins are replaced by protamines. This process implies a series of progressive changes in the interaction between DNA and proteins. As a result, the incorporation of spermatozoa basic nuclear proteins (SBNPs) into sperm chromatin induces DNA compaction, which condenses the sperm chromatin and protects the genome from the external environment (Meistrich, Mohapatra, Shirley, & Zhao, [2003](#jmor21008-bib-0044){ref-type="ref"}; Oliva & Dixon, [1991](#jmor21008-bib-0048){ref-type="ref"}; Rathke et al., [2007](#jmor21008-bib-0052){ref-type="ref"}; Ward & Coffey, [1991](#jmor21008-bib-0065){ref-type="ref"}; Wouterstyrou, Martinage, Chevaillier, & Sautière, [1998](#jmor21008-bib-0068){ref-type="ref"}). A higher level of chromatin condensation, associated with the interactions between SBNPs and DNA in nuclei can be observed using a transmission electron microscope. Nevertheless, a few canonical histones and histone variants are retained in sperm chromatin, with percentages of approximately 1--15% in mammalian sperm (Erkek et al., [2013](#jmor21008-bib-0017){ref-type="ref"}; Hammoud et al., [2009](#jmor21008-bib-0023){ref-type="ref"}; Tovich & Oko, [2003](#jmor21008-bib-0062){ref-type="ref"}). The histones retained in spermatozoa can be post‐translationally modified on the histone tails via processes that include acetylation, methylation, phosphorylation, and ubiquitylation (Krejci et al., [2015](#jmor21008-bib-0035){ref-type="ref"}; Luense et al., [2016](#jmor21008-bib-0041){ref-type="ref"}; Verma et al., [2015](#jmor21008-bib-0064){ref-type="ref"}). These histone modifications can alter chromatin packaging and regulate chromatin condensation by affecting the interaction between DNA and histones (Bao & Bedford, [2016](#jmor21008-bib-0004){ref-type="ref"}). Furthermore, these histone modifications can activate and silence chromatin by affecting the genome\'s accessibility to transcription factors during development (Zhang, Cooper, & Brockdorff, [2015](#jmor21008-bib-0074){ref-type="ref"}). Another type of chromatin structure has been described in many decapod crustacean spermatozoa that exhibits a loose flocculent structure compared with that of condensed chromosomes. This type of chromatin is called a decondensed nucleus (Chevaillier, [1966](#jmor21008-bib-0011){ref-type="ref"}; Jamieson, [1991](#jmor21008-bib-0028){ref-type="ref"}; Jamieson & Tudge, [2000](#jmor21008-bib-0029){ref-type="ref"}; Tudge, [2009](#jmor21008-bib-0063){ref-type="ref"}). Over the past 50 years, the origin of this special sperm nucleus has inspired various types of investigations that, however, have failed to provide insights into the molecular mechanisms involved in decondensed sperm chromatin formation. Sperm with fully decondensed chromatin appear to be characteristic of most decapod crustaceans (Assugeni et al., [2017](#jmor21008-bib-0001){ref-type="ref"}; Camargo et al., [2017](#jmor21008-bib-0008){ref-type="ref"}; Du, Xue, & Lai, [1988](#jmor21008-bib-0016){ref-type="ref"}; Hinsch, [1986](#jmor21008-bib-0025){ref-type="ref"}; Medina, García‐Isarch, Sobrino, & Abascal, [2006](#jmor21008-bib-0043){ref-type="ref"}; Niksirat, Kouba, Rodina, & Kozák, [2013](#jmor21008-bib-0047){ref-type="ref"}; Simeó, Kurtz, Rotllant, Chiva, & Ribes, [2010](#jmor21008-bib-0054){ref-type="ref"}). Earlier research indicated that the chromatin of crustacean sperm is not highly packaged due to a lack of basic proteins. However, several studies on *Cancer pagurus* (Kurtz, Martínez‐Soler, Ausió, & Chiva, [2008](#jmor21008-bib-0038){ref-type="ref"}), *Cancer magister* (Kurtz et al., [2008](#jmor21008-bib-0038){ref-type="ref"}), *Maja brachydactyla* (Kurtz, Ausió, & Chiva, [2009](#jmor21008-bib-0037){ref-type="ref"}), *Portunus pelagicus* (Stewart et al., [2010](#jmor21008-bib-0057){ref-type="ref"}), *Fenneropenaeus chinensis* (Ge et al., [2011](#jmor21008-bib-0021){ref-type="ref"}), *Astacus* (Niksirat, James, Andersson, Kouba, & Kozák, [2015](#jmor21008-bib-0046){ref-type="ref"}), and *Eriocheir sinensis* (Li et al., [2017](#jmor21008-bib-0040){ref-type="ref"}; Wu et al., [2016](#jmor21008-bib-0070){ref-type="ref"}; Wu, Kang, Guo, Mu, & Zhang, [2015](#jmor21008-bib-0069){ref-type="ref"}; Zhang et al., [2016](#jmor21008-bib-0075){ref-type="ref"}) have indicated that these decapod spermatozoal nuclei have a common characteristic, namely, that they contain parts of histones and some histone modifications. Because of the diversity of crustacean species, an integrated understanding of the origin of this special decapod sperm nuclei has not been achieved. These retained modified histones may be an important cause of decondensed sperm chromatin.

To gain a better understanding of whether histones are also responsible for organizing the DNA in mature sperm of Stomatopoda, this article assessed the development process of spermatozoa via histological observations and transmission electron microscopy. The distribution patterns of histones in *O. oratoria* spermatozoa were investigated by immunofluorescent staining and immunoelectron microscopy. Although the mechanisms underlying this distribution are poorly understood, histones may be involved in chromatin decondensation in Stomatopoda.

2. METHODS {#jmor21008-sec-0002}
==========

2.1. Animals {#jmor21008-sec-0003}
------------

Live specimens of the mantis shrimp *Oratosquilla oratoria* (de Haan, 1844) were purchased from Mazhuang Village market (Baoding, China) between May and November 2016. Sexually mature male shrimps were anesthetized by chilling on ice and then dissected immediately. The studied species are neither endangered nor protected by law. No specific permits were required to study this species.

2.2. Transmission electron microscopy (TEM) {#jmor21008-sec-0004}
-------------------------------------------

The testis and vas deferens of 10 individuals were dissected and fixed in 4% paraformaldehyde (PFA) and 0.5% glutaraldehyde in 0.1 mol L^−1^ phosphate buffered saline overnight and then dehydrated by a graded ethanol series. Finally, the sample blocks were embedded with LR white resin (Cat\# 14381‐UC, London Resin) in gelatin capsules and polymerized for 48 hr at 60 °C. Ultrathin (70 nm thick) slices were prepared with a Reichert‐jung UltraCut E Ultramicrotome (Reichert Jung, 701704, San Diego, CA). Then the sections were mounted on 300‐mesh gold grid and stained with 2% uranyl acetate for 30 min. The sample were photographed with a JEM‐100SX transmission electron microscope (NEC, Tokyo, Japan) using an 80 KV electron beam.

2.3. Western blot {#jmor21008-sec-0005}
-----------------

Twenty samples of distal vas deferens (DVD) from 10 individuals were obtained immediately on ice in Ca2 + −free artificial seawater (Ca^2+^‐FASW, 12 mmol L^−1^ KCl, 20 mmol L^−1^ Tris, 30 mmol L^−1^ MgCl~2~, 475 mmol L^−1^ NaCl, pH 8.2). After a few minutes, the sperm ducts were homogenized in Ca^2+^‐FASW and centrifuged at 500 rpm for 10 min. The supernatants were centrifuged at 3000 rpm for 10 min to collect sperm cell suspensions. The spermatozoa total proteins extracted with a radio immunoprecipitation assay (RIPA) lysis buffer were separated by 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS‐PAGE), and then the proteins were transferred to a polyvinylidene fluoride membrane (PVDF). The membranes were blocked with 5% skimmed milk in tris buffered saline (TBS) for 2 hr and incubated with commercial primary antibodies overnight at 4 °C. The following antibody dilutions were applied: anti‐H2A (Abcam, Cat\# ab88770, RRID: AB_10672053) and anti‐H2B (Abcam, Cat\# ab52484, RRID: AB_1139809) at 1:750; anti‐H3 (Abcam, Cat\# ab1791, RRID: AB_302613) and anti‐H4 (Abcam, Cat\# ab31830, RRID: AB_1209246) at 1:1000. After washing three times in TBST (TBS and 0.1% Tween‐20), the membranes were incubated with HRP‐conjugated goat anti‐rabbit IgG (dilution 1:1000, Solarbio, Cat\# SE134, RRID: AB_2797593) or HRP‐conjugated goat anti‐mouse IgG (dilution 1:1000, Solarbio, Cat\# SE131, RRID: AB_2797595) for 1 hr. Then, the membranes were washed for 30 min. Signal detection was performed by an Enhanced chemiluminescence (ECL) reagent kit using the Chemi Doc XRS system with Image Lab software (Bio‐Rad, Hercules, CA).

2.4. Immunofluorescence (IF) {#jmor21008-sec-0006}
----------------------------

Tissue of DVD from 10 individual animals was fixed in 4% paraformaldehyde for 48 hr at 4 °C and then dehydrated in 30% sucrose. The samples were embedded in optimal cutting temperature embedding medium (Sakura Finetek Japan Co., Ltd) and sectioned (5 μm thick). The sections were washed in phosphate buffered saline (PBS), permeabilized with 0.5% Triton X‐100 in PBS for 15 min, and treated with Quick Antigen Retrieval Solution (Cat\#. P0090, Beyotime) for 10 min. Then, the sections were blocked in blocking reagent for 2 hr. The sections were incubated with primary antibodies: anti‐H3.3 (Abcam, Cat\# ab176840, RRID: AB_2715502), anti‐H2A.Z (Proteintech Group, Cat\# 16441‐1‐AP, RRID: AB_2115113), anti‐H2AX (Abcam, Cat\# ab11175, RRID: AB_297814), anti‐H3K4me2 (Abcam, Cat\# ab32356, RRID: AB_732924), anti‐H3K9me3 (Abcam, Cat\# ab176916, RRID: AB_2797591), anti‐H3S10ph (Abcam, Cat\# ab5176, RRID: AB_304763), anti‐HS1ph (Abcam, Cat\# ab177309, RRID: AB_2797594) and anti‐H4Kac (Millipore, Cat\# 06--946, RRID: AB_310310). The sections were rinsed three times for 10 min each in PBS and then incubated with Alexa Fluor 488‐conjugated donkey anti‐rabbit (1:500 dilution, Thermo Fisher Scientific, Cat\# A‐21206, RRID: AB_2535792) or Alexa Fluor 594‐conjugated donkey anti‐rabbit (1:500 dilution, Thermo Fisher Scientific, Cat\# A‐21203, RRID: AB_2535789) for 1 hr. The nuclei were stained with 4′, 6‐diamidino‐2‐phenylindole (DAPI) for 20 min. Samples were mounted in antifade mounting medium (Cat\#. 0100--01; Southern Biotech) and observed with an Olympus FV1000‐IX81 laser scanning confocal microscope (Olympus, Tokyo, Japan).

2.5. Colloidal gold labeling for transmission electron microscopy {#jmor21008-sec-0007}
-----------------------------------------------------------------

The samples were treated according to the TEM protocol. Colloidal gold labeling for TEM was performed as per the protocol described by Zhang et al. ([2016](#jmor21008-bib-0075){ref-type="ref"}). Briefly, the grids were subsequently blocked in blocking buffer for 2 hr and then incubated with primary antibodies (1:50 dilution) in PBS with 0.1% bovine serum albumin (BSA) overnight at 4 °C. Next, the sections were washed with washing buffer and incubated with 10 nm colloidal gold‐conjugated goat anti‐rabbit IgG (H + L; 1:50 dilution, Abcam, Cat\# ab39601, RRID: AB_954434) and 20 nm colloidal gold‐conjugated goat anti‐mouse IgG (H + L; 1:50 dilution, Abcam, Cat\# ab27242, RRID: AB_954469) diluted in secondary antibody dilution buffer for 1 hr. The sample grids were then rinsed with washing buffer and distilled water each three times (10 min/wash) and subsequently stained with uranyl acetate. Finally, the sample grids were examined with a transmission electron microscope at 80 kV (JEM‐100SX TEM, NEC, Tokyo, Japan).

2.6. Data analysis {#jmor21008-sec-0008}
------------------

The number of gold particles observed by TEM in different areas were recorded and counted. At least 12 spermatozoa for each specific histone antibody were counted. Data analysis of the percentage of gold particles in each region of the spermatozoon was performed by the GraphPad Prism software, V7.0 ([www.graphpad.com](http://www.graphpad.com), RRID: SCR_002798).

3. RESULTS {#jmor21008-sec-0009}
==========

3.1. Spermiogenesis and sperm ultrastructure in *Oratosquilla oratoria* {#jmor21008-sec-0010}
-----------------------------------------------------------------------

Spermiogenesis involves three stages, that is, early, mid, and late spermatids, mainly distinguished according to changes in chromatin form and distribution. Early spermatids are oval in shape, have a spherical nucleus and uniform nuclear material, and cytoplasm. The nucleus and cytoplasm can be clearly distinguished by their electron density using TEM (Figure [1](#jmor21008-fig-0001){ref-type="fig"}a). In the early spermatid stage, the spherical nucleus is adjacent to the external coat structure. The components in the spermatid cytoplasm become loose, and the nucleus is partially wrapped by the cytoplasm (Figure [1](#jmor21008-fig-0001){ref-type="fig"}b). As spermiogenesis progresses, the acrosomal structure begins to form at the junction of the nucleus and external coat. When the cytoplasmic membrane is ruptured, the cytoplasmic components are released into the vesicular body (Figure [1](#jmor21008-fig-0001){ref-type="fig"}c). In the mid‐spermatid stage, spherical cells are polarized, with the nucleus located at one pole of the cell and the cytoplasm located at the opposite pole. Furthermore, the granular chromatin is distributed unevenly in the nucleus, and the chromatin side surrounded by the nuclear envelope appears to be more electron‐dense than the external coat side (Figure [1](#jmor21008-fig-0001){ref-type="fig"}d). Flat nuclei are also observed by hematoxylin--eosin (H&E) staining (Figure [1](#jmor21008-fig-0001){ref-type="fig"}e′), which shows that they are compressed more uniformly. At the edge of the nucleus, an electron dense layer can be observed surrounding the chromatin. We deduce that this electron dense structure may be the nuclear envelope (Figure [1](#jmor21008-fig-0001){ref-type="fig"}e). An electron‐dense acrosome structure composed of an acrosomal vesicle, perforatorium and subacrosomal material can be observed at the junction of the external coat and the nucleus (Figure [1](#jmor21008-fig-0001){ref-type="fig"}f). The dense zone of subacrosomal material is anteriorly convex and similar to a pushpin. The acrosomal vesicle is surrounded by subacrosomal material and perforatorium, which is less electron‐dense than the subacrosomal material. On average, spermatozoa are 5.43 ± 0.32 μm in length and 6.15 ± 0.40 μm in width (*n* = 50). The mature spermatozoon mainly consists of an external coat, acrosome vesicle, nucleus, and vesicular body. The small acrosome is difficult to section accurately and detect in all sectioned sperm cells (Figure [1](#jmor21008-fig-0001){ref-type="fig"}g). The sperm is devoid of either radial arms or spike structures unlike in Brachyura. The electron density of the external coat is markedly higher than that of the seminal fluid between the spermatozoa (Figure [1](#jmor21008-fig-0001){ref-type="fig"}h). The nucleus containing the acrosome occupies almost two‐thirds of the length of the spermatozoon. In mature spermatozoa, the nuclear material appears more uniform. The vesicular body is scattered with granular or flocculent electron dense material and degenerating mitochondria fill the posterolateral part of the spermatozoon (Figure [1](#jmor21008-fig-0001){ref-type="fig"}i). Vesicles with a membranous structure are also observed in the vesicular body (Figure [1](#jmor21008-fig-0001){ref-type="fig"}j).

![*Oratosquilla oratoria* transmission electron micrographs of spermatozoa. (a) Early spermatids are oval in shape, with a spherical nucleus and uniform nuclear material and cytoplasm. (b) Components in the cytoplasm become loose, and the nucleus is partially wrapped by the cytoplasm. (c) Acrosomal structure (black arrow) begins to form at the junction of the nucleus and external coat. (d) Granular chromatin is distributed unevenly in the nucleus, and the chromatin side surrounded by the nuclear envelope appears to be more electron‐dense than the external coat side. (e) Flat‐shaped nuclei can be observed both in TEM and H&E staining (e′). (f) Electron‐dense acrosome structure is made up of acrosomal vesicle, perforatorium and subacrosomal material. (g) Part of the spermatozoon of *O. oratoria*. (h) Spermatozoa are separated by the external coat (black arrow). The electron density of the external coat is markedly denser than that of the seminal fluid between the spermatozoa. (i) Mitochondria (black arrow) can be observed in the vesicular body (i′). (j) Vesicles with a membranous structure are in the vesicular body (black arrow). Granular or flocculent electron‐dense material is scattered in the vesicles. N, nuclei; C, cytoplasm; ec, external coat; sf, seminal fluid; av, acrosomal vesicle; p, perforatorium; sm, subacrosomal material; m, mitochondrion](JMOR-280-1170-g001){#jmor21008-fig-0001}

3.2. Histones involved in the packaging of the sperm chromatin in *Oratosquilla oratoria* {#jmor21008-sec-0011}
-----------------------------------------------------------------------------------------

Western blot analysis confirmed the presence of H2A, H2B, H3, and H4 (Figure [2](#jmor21008-fig-0002){ref-type="fig"}). Localization with antibodies by immunofluorescence and immunoelectron microscopy showed that H2A, H2B, H3, and H4 were distributed in the nuclei (Figure [3](#jmor21008-fig-0003){ref-type="fig"}), and colloidal gold particles labeled with H2B (Supporting Information [Figure S3](#jmor21008-supitem-0001){ref-type="supplementary-material"}) and H4 (Supporting Information [Figure S4](#jmor21008-supitem-0001){ref-type="supplementary-material"}) showed that these two histones were in the external coat. No stained histones H2A, H2B, H3, or H4 were observed in the vesicle or granular material (Figure [3](#jmor21008-fig-0003){ref-type="fig"}Bb,Db). Immunolabeled colloidal gold particles indicated that histone H2AX was scattered in the nucleus, granular material, and external coat (Figure [4](#jmor21008-fig-0004){ref-type="fig"}a,b). However, the distribution of histone variant H2A.Z was different from that of H2AX, as the former was abundant in the granular material of the vesicle, with a few remaining in the nucleus next to the vesicle (Figure [4](#jmor21008-fig-0004){ref-type="fig"}c,d). No particles were observed in the external coat (data not shown). Histone variant H3.3 was mainly concentrated in the nucleus (Figure [5](#jmor21008-fig-0005){ref-type="fig"}c,Da), while a small number of colloidal gold particles were also found in the external coat and granular material (Figure [5](#jmor21008-fig-0005){ref-type="fig"}Db,Dc). We observed no background fluorescent signal and no labeling on the negative control grids incubated in the absence of the primary antibodies (Supporting Information Figures [S1](#jmor21008-supitem-0001){ref-type="supplementary-material"} and [S2](#jmor21008-supitem-0001){ref-type="supplementary-material"}).

![Identification of histones in the sperm nuclei of *Oratosquilla oratoria* by western blot. Western blot of sperm proteins labeled with antihistone antibodies, namely, antihistone H2A, antihistone H2B, antihistone H3, antihistone H4. Protein markers (10 and 15 KDa) are shown in the picture](JMOR-280-1170-g002){#jmor21008-fig-0002}

![Localization of histones H2A, H2B, H3, and H4 in the spermatozoa of *O. oratoria*. (a) Colocalization of histones H2A (green) and H2B (red) in spermatozoa by immunofluorescence. DNA was stained by DAPI, and the merged panels show the superposition of DNA, H2A, and H2B detections. (b) Ultrastructural localization of histones H2A (10 nm, red arrows) and H2B (20 nm, blue arrows) in spermatozoa by colloidal gold. (c) Immunofluorescent colocalization of histones H3 (green) and H4 (red) in spermatozoa. The merged panels show the superposition of DNA (DAPI), H3, and H4 detections. (d) Ultrastructural localization of histones H3 (10 nm, red arrows) and H4 (20 nm, blue arrows) in spermatozoa. Positive staining for core histones is found in the nucleus. Note: Colloidal gold‐labeled H2B or H4 (20 nm) and colloidal gold‐labeled H2A or H3 (10 nm) are located in the nuclei. Scale bar in immunofluorescent images = 10 μm; those in TEM images = 500 nm](JMOR-280-1170-g003){#jmor21008-fig-0003}

![Localization of histones H2AX and H2A.Z in the spermatozoa of *O. oratoria*. (a) Localization of DNA and H2AX by immunofluorescence. Merged, images of DNA and H2AX or bright field and H2AX. (b) Ultrastructural localization of histone H2AX (blue arrow) in spermatozoa by 10 nm colloidal gold. (c) Immunofluorescent localization of DNA and H2A.Z. merged, images of DNA and H2A.Z or bright field (DIC) and H2A.Z. (d) Ultrastructural localization of histone H2A.Z (red arrow) in spermatozoa by 10 nm colloidal gold. Gold particles show the location of histones H2AX and H2A.Z in the nucleus (Ba and Da) and the granular material (bb and Db). DNA was stained by DAPI. DIC: Bright field. The scale bars indicate 5 μm (a, c) and 500 nm (b, d)](JMOR-280-1170-g004){#jmor21008-fig-0004}

![Localization of histones H4Kac and H3.3 in the spermatozoa of *O. oratoria*. (a) Immunofluorescent localization of DNA and H4Kac. The merged panels show the superposition of DNA and H4Kac detections. (b) Ultrastructural localization of histone H4Kac (blue arrow) in spermatozoa. Ba, Gold particles in the nucleus; Bb, Gold particles in the granular material and the external coat. (c) Immunofluorescent localization of DNA and H3.3. The merged panels show the superposition of DNA and H3.3 detections. (d) Ultrastructural localization of histone H3.3 (red arrow) in spermatozoa. Da, Gold particles in the nucleus; Db, Gold particles in the granular material; Dc, Gold particles in the external coat. Histone H4Kac and H3.3 are both located in the nucleus and granular material, and some gold particles are in the external coat. DNA was stained by DAPI. DIC, Bright field. The scale bars indicate 10 μm (a), 5 μm (c), and 500 nm (b, d)](JMOR-280-1170-g005){#jmor21008-fig-0005}

3.3. Some histone modifications are retained in the sperm of *Oratosquilla oratoria* {#jmor21008-sec-0012}
------------------------------------------------------------------------------------

The decondensed chromatin was investigated using an antibody directed against acetylated histone H4. Immunolabeled acetylated histone H4 was generally distributed and unorganized in the nucleus (Figure [5](#jmor21008-fig-0005){ref-type="fig"}a,Ba). Positive signals were also found outside the nucleus (Figure [5](#jmor21008-fig-0005){ref-type="fig"}a,Bb). The overall distribution of the labeled H3K4me2 was comparable to that of the modified H3K9me3, and both H3K4me2 (Figure [6](#jmor21008-fig-0006){ref-type="fig"}a,Ba) and H3K9me3 (Figure [6](#jmor21008-fig-0006){ref-type="fig"}c,Da) were found only in the nuclei of the mantis shrimp spermatozoa. These observations confirm that the chromatin is highly acetylated and methylated. Specifically, labeled H3S10ph could be found only in the nucleus (Figure [7](#jmor21008-fig-0007){ref-type="fig"}a,Ba). No positive fluorescent signals or colloidal gold particles could be attributed to H3S10ph outside the nucleus (Figure [7](#jmor21008-fig-0007){ref-type="fig"}a,Bb). Immunolabeling‐stained HS1ph (H2AS1ph + H4S1ph) was mainly found in the nucleus (Figure [7](#jmor21008-fig-0007){ref-type="fig"}c,Da), with less colloidal gold particles scattered in the granular material and external coat (Figure [7](#jmor21008-fig-0007){ref-type="fig"}Db). The quantitative results for histones and modified histones at different sites within spermatozoa are shown in Figure [8](#jmor21008-fig-0008){ref-type="fig"}a. The pattern of histone distribution in spermatozoa is shown in Figure [8](#jmor21008-fig-0008){ref-type="fig"}b.

![Localization of histones H3K4me2 and H3K9me3 in the spermatozoa of *O. oratoria*. (a) Immunofluorescent localization of DNA and H3K4me2. Merged, images of DNA and H3K4me2. (b) Ultrastructural localization of histone H3K4me2 in spermatozoa by 10 nm colloidal gold. (c) Immunofluorescent localization of DNA and H3K9me3. Merged, images of DNA and H3K9me3. (d) Ultrastructural localization of histone H3K9me3 in spermatozoa by 10 nm colloidal gold. Histone H3K4me2 (blue arrow) and H3K9me3 (red arrow) both remain in the nucleus (Ba and Da). No positive signal of H3K4me2 and H3K9me3 are found outside the nucleus (bb and Db). DNA was stained by DAPI. DIC, Bright field. The scale bars indicate 10 μm (a, c) and 500 nm (b, d)](JMOR-280-1170-g006){#jmor21008-fig-0006}

![Localization of histones H3S10ph and HS1ph in the spermatozoa of *O. oratoria*. (a) Immunofluorescent localization of DNA and H3S10ph. The merged panels show the superposition of DNA and H3S10ph detections. (b) Ultrastructural localization of histone H3S10ph in spermatozoa by 10 nm colloidal gold. (c) Immunofluorescent localization of DNA and HS1ph. The merged panels show the superposition of DNA and HS1ph detections. (d) Ultrastructural localization of HS1ph in spermatozoa by 10 nm colloidal gold. Histone H3S10ph (blue arrow) and HS1ph (red arrow) are both located in the nucleus (Ba and Da) and some HS1ph also exists in the external coat (green arrow) and cytoplasm (yellow arrow) (Db). DNA was stained by DAPI. The scale bars indicate 5 μm (a, c) and 500 nm (b, d)](JMOR-280-1170-g007){#jmor21008-fig-0007}

![Schematic diagram of histone distribution in the sperm of *O. oratoria*. (a) Graph showing the percentage of colloidal gold particles in each region of the spermatozoon. Nucleus (gray), external coat (red), granular material (blue), vesicular body (green). (b) Chromatin of *O. oratoria* sperm was packaged with histones and some histone modifications. Ec, external coat; gm, granular materical; vb, vesicular body; N, nucleus](JMOR-280-1170-g008){#jmor21008-fig-0008}

4. DISCUSSION {#jmor21008-sec-0013}
=============

4.1. Spermiogenesis and spermatozoa in *Oratosquilla oratoria* {#jmor21008-sec-0014}
--------------------------------------------------------------

The characteristics of spermatogonia and spermatocytes in *Oratosquilla oratoria* are similar to those of other crustaceans, although spermiogenesis in *O. oratoria* differs from that reported in decapods (Feng, Paterson, & Johnston, [2017](#jmor21008-bib-0018){ref-type="ref"}; Poljaroen et al., [2010](#jmor21008-bib-0050){ref-type="ref"}; Stewart et al., [2010](#jmor21008-bib-0057){ref-type="ref"}). Komai ([1920](#jmor21008-bib-0034){ref-type="ref"}) and Kodama et al. ([2009](#jmor21008-bib-0033){ref-type="ref"}) provided spermiogenesis data on Stomatopoda using light microscopy. The spermatid chromatin formed from the secondary spermatocyte is reticulated, and then the chromatin becomes homogeneous (Komai, [1920](#jmor21008-bib-0034){ref-type="ref"}). However, we found that the spermatid chromatin changes from uniform to heterogeneous at the mid‐spermatid stage and finally becomes homogeneous at the late‐spermatid stage. Reports have shown that centrosomes are involved in *S. oratoria*, *S. mantis*, and *O. stephensoni* during spermiogenesis. These small centrioles are difficult to section accurately, so we did not pay much attention to centrioles in this experiment. In addition to the vacuole reported by Komai ([1920](#jmor21008-bib-0034){ref-type="ref"}), we speculate that it comes from cytoplasm. The plasma membrane was separated from the external coat, when the nucleus was pulled toward the external coat structure (Figure [1](#jmor21008-fig-0001){ref-type="fig"}b). Afterward, the plasma membrane ruptures and releases the cytoplasmic contents, forming a vesicle structure containing granular or flocculent electron‐dense material, and degenerating mitochondria. However, Cotelli and Lora Lamia Donin ([1983](#jmor21008-bib-0013){ref-type="ref"}) and Jamieson ([1989](#jmor21008-bib-0027){ref-type="ref"}) considered that the plasma membrane is in close contact to the electron‐dense external coat. To date, only a few studies on stomatopods, freshwater ostracods, and cladocerans in the family Daphniidae have shown that their spermatozoa are surrounded by an external coat (Cotelli & Lora Lamia Donin, [1983](#jmor21008-bib-0013){ref-type="ref"}; Jamieson, [1989](#jmor21008-bib-0027){ref-type="ref"}; Komai, [1920](#jmor21008-bib-0034){ref-type="ref"}; Matzke‐Karasz, Smith, & Heß, [2016](#jmor21008-bib-0042){ref-type="ref"}; Wingstrand, [1978](#jmor21008-bib-0066){ref-type="ref"}). There are no related studies on the composition of the external coat, and no hypothesis has yet come forth on the function of the external coat. We demonstrate for the first time that this particular structure contains histones, although we cannot explain the function of histones in the external coat. This structure is reminiscent of the spermatophore, a structure consisting of extracellular material containing sperm cells that are ready for transfer. However, the external coat cannot be identical to that of the spermatophore. The spermatozoa of decapods are generally stored in spherical or elongate‐elliptical spermatophores, which are ejected outside the male during mating (Bento, López Greco, & Zara, [2018](#jmor21008-bib-0006){ref-type="ref"}). The accessory gland protein can dissolve the spermatophores (Hou et al., [2010](#jmor21008-bib-0026){ref-type="ref"}), although the chemical composition of decapod spermatophores is still basically unresolved. The mature spermatozoa of stomatopods seem to be covered with some glutinous matter to form a sperm cord (Deecaraman & Subramoniam, [1980](#jmor21008-bib-0014){ref-type="ref"}; Komai, [1920](#jmor21008-bib-0034){ref-type="ref"}). The sperm cord in the cavity of the vas deferens can be dissolved by the male\'s accessory gland secretion to free the spermatozoa in the female\'s seminal receptacle, when the sperm cord is released from the male penis (Deecaraman & Subramoniam, [1983](#jmor21008-bib-0015){ref-type="ref"}; Wortham‐Neal, [2002](#jmor21008-bib-0067){ref-type="ref"}). The sperm nucleus of mantis shrimp has a structure with a rather loose consistency that is similar to the decondensed nuclei of Decapoda crustaceans and sharply contrasts with the dense nuclei of nondecapod crustaceans and other animal taxa (Camargo et al., [2017](#jmor21008-bib-0008){ref-type="ref"}; Medina et al., [2006](#jmor21008-bib-0043){ref-type="ref"}; Niksirat et al., [2013](#jmor21008-bib-0047){ref-type="ref"}; Pudney, [2010](#jmor21008-bib-0051){ref-type="ref"}; Simeó et al., [2010](#jmor21008-bib-0054){ref-type="ref"}). The structural characteristics of mantis shrimp chromatin described above suggest a decondensed chromatin organization. A comparable acrosome structure, which is made up of acrosomal vesicle, perforatorium and subacrosomal material, can also be found in *S. oratoria*, *S. mantis*, and *O. stephensoni*. However, the typical acrosome vesicle of Brachyura is a subspheroidal, complex vesicle, consisting of at least three concentric layers with different electron densities, a perforatorial chamber, and an acrosomal cap or operculum (Assugeni et al., [2017](#jmor21008-bib-0001){ref-type="ref"}; Simeó et al., [2010](#jmor21008-bib-0054){ref-type="ref"}). The acrosomal vesicle of Penaeidae consists of the spike, acrosomal cap, and main body (Camargo et al., [2017](#jmor21008-bib-0008){ref-type="ref"}; Feng, Paterson, Webb, & Johnston, [2016](#jmor21008-bib-0019){ref-type="ref"}). Spermatozoa in Stomatopoda still have some degenerate mitochondria, such as those in Brachyura (Assugeni et al., [2017](#jmor21008-bib-0001){ref-type="ref"}; Simeó et al., [2010](#jmor21008-bib-0054){ref-type="ref"}). We have confirmed that some modified histones were localized in the position of granular or flocculent electron dense material by immunoelectron microscopy. However, the chemical composition of the electron dense material is still basically unresolved.

4.2. Spermatozoal histone characteristics in *Oratosquilla oratoria* {#jmor21008-sec-0015}
--------------------------------------------------------------------

SBNPs can be classified into three main categories: histone‐type (H‐type), protamine‐type (P‐type), and protamine‐like (PL‐type; Ausió, [1999](#jmor21008-bib-0002){ref-type="ref"}). The first group of SBNPs basically corresponds to Bloch\'s *Rana*‐type, where mature sperm nuclei may contain histones that are compositionally and structurally similar to the histones that are found in somatic tissues. The P‐type includes the *Salmo* and mouse type of Bloch\'s classification, and it encompasses a group of heterogeneous small arginine‐rich proteins. The third group is equivalent to the *Mytilus* type in Bloch\'s classification and represents a structurally and functionally intermediate group between the H‐type and P‐type SBNPs that are related to histone H1.

SBNPs have been identified in the sponge *Neofibularia nolitangere*, in which only canonical histones are present (Ausió, Van Veghel, Gomez, & Barreda, [1997](#jmor21008-bib-0003){ref-type="ref"}). Several histone variants, such as the H3.3, H2A.X, and H2B variants, have been confirmed as being crucial for sperm DNA packaging in vertebrates and marine invertebrates (Boskovic & Torrespadilla, [2013](#jmor21008-bib-0007){ref-type="ref"}; Török et al., [2016](#jmor21008-bib-0061){ref-type="ref"}; Török & Gornik, [2018](#jmor21008-bib-0060){ref-type="ref"}; Zini, Zhang, & Gabriel, [2010](#jmor21008-bib-0076){ref-type="ref"}). We speculated that mantis shrimp sperm may present a nucleosome chromatin structure in the presence of histones H2A, H2B, H3, and H4 in the nucleus. Data from immunofluorescence and immune electron microscopy analyses provide additional evidence suggesting that histone variants H3.3, H2AZ, and H2AX are also interspersed in the sperm nucleus, which suggests that histone variants may be involved in sperm chromatin decondensation in Stomatopoda. Although a relatively compact nuclear structure is formed, nucleosomes with histone variants H2A.Z and H3.3 can affect chromatin structure and stability by inhibiting the binding of linker histones to the particle, thus preventing the chromatin from forming a highly condensed structure (Chen, Zhao, & Li, [2013](#jmor21008-bib-0010){ref-type="ref"}; Thakar et al., [2009](#jmor21008-bib-0059){ref-type="ref"}). Furthermore, histone H3.3‐encoding gene *h3f3b* knock‐out mice present male infertility and abnormal sperm due to sperm chromatin decondensation because of the associated lack of protamine proteins (Yuen, Bush, Barrilleaux, Cotterman, & Knoepfler, [2014](#jmor21008-bib-0073){ref-type="ref"}). Sex chromosome formation and meiotic sex chromosome inactivation in spermatocytes were destroyed after the targeted deletion of histone H2AX, thus causing infertility in male mice (Celeste et al., [2002](#jmor21008-bib-0009){ref-type="ref"}; Fernandez‐Capetillo et al., [2003](#jmor21008-bib-0020){ref-type="ref"}). In addition, studies in vitro have shown that the incorporation of histone H1 into chromatin was impaired in the presence of H2AX, resulting in a more open chromatin structure, and the phosphorylation of H2A.X appeared to destabilize the structure of the nucleosome by enhancing H1 binding impairment (Li et al., [2010](#jmor21008-bib-0039){ref-type="ref"}). However, the mechanisms of these variants in the regulation of the high‐level chromatin structure and gene expression are still unknown.

4.3. Histone modifications regulate chromatin status {#jmor21008-sec-0016}
----------------------------------------------------

A large number of histone variants associated with different types of histone modifications participate in spermiogenesis to regulate chromatin status by affecting the stability of histone octamers and the interactions between DNA and histones (Bao & Bedford, [2016](#jmor21008-bib-0004){ref-type="ref"}). Furthermore, histone modifications can serve as epigenetic tags and be passed to offspring to influence gene transcription after fertilization (Jenkins & Carrell, [2012](#jmor21008-bib-0030){ref-type="ref"}; Schagdarsurengin & Steger, [2016](#jmor21008-bib-0053){ref-type="ref"}).

During mammalian spermatogenesis, histones can be acetylated or hyperacetylated in spermatogonia, spermatocytes, and spermatids (Govin, Caron, Lestrat, Rousseaux, & Khochbin, [2004](#jmor21008-bib-0022){ref-type="ref"}). Histone acetylation can alter chromatin properties to modulate gene transcription by neutralizing the positive charge of lysines during spermiogenesis in trout (Sung & Dixon, [1970](#jmor21008-bib-0058){ref-type="ref"}). It has been hypothesized that the hyperacetylation of histone H4 in spermatids can open the higher‐order chromatin structure to facilitate the replacement of histones by transition nuclear proteins (TPs) or protamine during mouse and rainbow trout spermatogenesis (Christensen, Rattner, & Dixon, [1984](#jmor21008-bib-0012){ref-type="ref"}; Hazzouri et al., [2000](#jmor21008-bib-0024){ref-type="ref"}). Kurtz et al. ([2009](#jmor21008-bib-0037){ref-type="ref"}) and Li et al. ([2017](#jmor21008-bib-0040){ref-type="ref"}) found that histone H3 in the sperm nuclei of the brachyuran crab is acetylated. The noncondensed nucleus may be caused by remanent acetylated histone H4 accompanied by chromatin fibers in *Fenneropenaeus chinensis* (Ge et al., [2011](#jmor21008-bib-0021){ref-type="ref"}). Additionally, histone H3 methylation is important for sperm functioning and embryonic development, and histone H3 lysine 4 trimethylation (H3K4me3) plays a critical role in chromatin condensation and mitotic division during male gametogenesis (Pinon, Yao, Dong, & Shen, [2017](#jmor21008-bib-0049){ref-type="ref"}; Song et al., [2011](#jmor21008-bib-0055){ref-type="ref"}; Spina et al., [2014](#jmor21008-bib-0056){ref-type="ref"}; Verma et al., [2015](#jmor21008-bib-0064){ref-type="ref"}). These histone acetylations, together with methylations, may assist in achieving a more open chromatin configuration. The histone phosphorylation of H3S10, which is evolutionarily conserved, can regulate pericentric chromatin condensation in MCF‐7 cells (Yan et al., [2016](#jmor21008-bib-0072){ref-type="ref"}). Previous research has shown that H4S1ph is involved in the processes of histone replacement, chromatin compaction, and DNA accessibility in yeast (Krishnamoorthy et al., [2006](#jmor21008-bib-0036){ref-type="ref"}). Histone H4 and H2AS1ph are thought to be closely related to DNA double strand break (DSB) recombination and meiotic chromosome condensation, which are specifically localized to DSBs (Barber et al., [2004](#jmor21008-bib-0005){ref-type="ref"}). Sperm chromatin contains a distinct set of histones, which has led to the hypothesis that the expression of certain genes is regulated by these specific histone modifications during embryonic development (Jenkins & Carrell, [2012](#jmor21008-bib-0030){ref-type="ref"}; Jung et al., [2017](#jmor21008-bib-0031){ref-type="ref"}). Alternatively, DNA sequences associated with histones in sperm may be in a transcriptionally inactive state that facilitate the binding of the male genome to maternal transcription factors during mouse embryo development (Miller, Brinkworth, & Iles, [2010](#jmor21008-bib-0045){ref-type="ref"}). Various histone modification sites and histone variants has been identified by mass spectrometry in human and mouse sperm (Luense et al., [2016](#jmor21008-bib-0041){ref-type="ref"}). HS1ph was also observed in the acrosomal tubule and acrosomal vesicle of *E. sinensis* spermatozoa (Zhang et al., [2016](#jmor21008-bib-0075){ref-type="ref"}). We also confirmed that histone H2AX, H2A.Z, H3.3, H4Kac, and HS1ph were scattered outside the sperm nucleus. Spermatozoa are terminally differentiated cells in which nearly all transcriptional events are arrested. The mechanism of these extranuclear histones remains to be studied.

5. CONCLUSIONS {#jmor21008-sec-0017}
==============

In this article, the spermatogenesis of *Oratosquilla oratoria* was studied by TEM. The results showed that at the early spermatid stage, the spherical nucleus is adjacent to the external coat and the acrosomal structure begins to form at the junction of the nucleus and the external coat. At the mid‐spermatid stage, part of the chromatin appears to be more electron‐dense than the external coat side. The aflagellate sperm of *O. oratoria* consists of a homogeneous granular nucleus, an acrosome structure in a "pushpin" shape and a spherical vesicular body in which faintly granular material is scattered. The acrosome structure is made up of an acrosomal vesicle, perforatorium, and subacrosomal material. We verified the histone characteristics of the spermatozoal nuclei of mantis shrimp using three independent approaches. This study is the first to reveal that histones and certain histone modifications are retained in the sperm of Stomatopoda. Furthermore, the different histone modification levels could be responsible for the sperm\'s ability to fertilize and activate the egg and may contribute to embryo development. For this reason, our findings have potential implications for improving knowledge of the epigenetic regulation of mantis shrimp fertility via histone modifications in spermatozoa and provide insights on the packaging model of sperm chromatin.
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Figure S1 Negative staining for total histone modifications or histone variants observed in the absence of the primary antibodies. (A) Merged panels show the superposition of DNA and fluorescent secondary antibody (Alexa Fluor® 488‐conjugated donkey anti‐rabbit) detections. (B) Merged panels show the superposition of DNA and fluorescent secondary antibody (Alexa Fluor® 594‐conjugated donkey anti‐mouse) detections. (C) Merged fluorescent data of Alexa Fluor® 594‐conjugated donkey anti‐mouse and Alexa Fluor® 488‐conjugated donkey anti‐rabbit. (D) Merged panels show the superposition of DNA, bright field and fluorescent secondary antibody. E, F, G and H: Magnifed sections from images A, B, C and D. The scale bars represent 50 μm (A, B, C and D) and 10 μm (E, F, G and H).

Figure S2. No labeling was found in the sperm on the negative control grids incubated in the absence of the primary antibodies. B, C: A magnified part of A. The scale bars represent 500 nm.

Figure S3. Ultrastructural localization of histones H2A and H2B in spermatozoa by colloidal gold. Colloidal gold‐labeled H2B (20 nm, blue circle) are located in the thick membrane. Scale bar 500 nm.

Figure S4. Ultrastructural localization of histones H3 and H4 in spermatozoa by colloidal gold. Colloidal gold‐labeled H4 (20 nm, red circle) are located in the thick membrane. Scale bar 500 nm.
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